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Abstract
In this publication an approach for flexible automated assembly systems for large CFRP-structures will be presented. This 
approach divides the assembly system into two main components, the automated joining process and the flexible automated 
holding fixture. Special attention will be given to the holding fixture, its components and automatic processes to achieve an 
optimal 6D-position and shape of the CFRP-structure to be assembled.
First, a short overview about the state-of-the-art assembly systems will be given, followed by a description of the approach and 
the developed generic prototype for flexible automated holding fixtures. The prototype will be presented as a future solution that 
opens new possibilities of adaptive assembly optimization in comparison to conventional part specific systems. Furthermore, the 
main automatic processes applied to the generic prototype will be presented as independent technologies working together as an 
intelligent system. The automatic processes to be described are machine measurement, contact-points adjustment, 6D-position 
adjustment and shape adjustment.
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1. Introduction
Automation and lightweight materials are playing a decisive role in all sectors of the transport industry (cars, rail 
vehicles, ships, and aircraft). Specifically in the aircraft manufacturing industry, the introduction of flexibility and 
automation are crucial to obtain an edge over international competitors by reducing production times, investments 
and costs. Likewise, the introduction of lightweight materials such as Carbon Fiber Reinforced Plastic (CFRP) for 
the manufacturing of aircraft structures allows improved design, performance, and weight-saving. This leads to a 
later reduction of operational costs of the aircraft, through lower fuel consumption and CO2 emissions, securing the 
competitiveness of the aircraft model and lowering the environmental impact [1,2].
Nonetheless, the automated manufacturing and assembling of large CFRP-structures within specified production 
tolerances is significantly more complex, compared to those of metallic structures. Mainly, because the 
manufactured CFRP-structures are more susceptible to variations of shape and dimension and tend to have a unique 
geometry.
This opens the need for intelligent systems, which automatically can adapt individually to the relevant part 
geometry characteristics and production situation. Conventional automation techniques, such as robot-teaching, will 
not be applicable under these boundary conditions. These intelligent systems will be highly dependent on high-
precision 3D part geometry measurement and machine measurement, as well as on their control methods [3,4,5].
This publication introduces an approach of flexible automated assembly system, together with developments on 
technologies needed to achieve the previously described goals.
Large flexible CFRP-structures must be automatically positioned and oriented in 6D-space (pose), and their 
shape must be inside the required production tolerances [6,7]. Therefore, this work will focus in the development of 
a generic prototype for flexible automated holding fixtures for CFRP-structures and its processes, as a future 
solution to the part specific holding fixtures that are currently state of the art.
Automatic processes for the holding fixture will also be described, i.e., machine measurement, contact-points 
adjustment, 6D-position adjustment and shape adjustment.
2. State-of-the-Art
Within this work, the manufacturing and assembly processes currently employed for the Airbus A350XWB will 
be taken as a reference. The fuselage of this aircraft is divided into sections, see Fig. 1. Within this work only 
section 13/14 and section 16/18, which are, among others, manufactured of CFRP, will be taken as examples. These 
sections are built after the four-panel concept, namely the upper-panel, lower-panel, left-panel and right-panel. 
These four panels are separately manufactured and need to be assembled together.
Fig. 1. Examples of fuselage sections of the Airbus A350XWB (left) and CFRP Section 13/14 (right) © Premium AEROTEC.
The panels themselves are produced and assembled following the clip-frame concept, see Fig. 2. The CFRP 
fuselage section (skin) is manufactured together with the CFRP-stringers. Clips and frames are manufactured 
separately and are later assembled to the skin through a manual joining process using jigs [2,8].
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Fig. 2. Clip-frame assembly concept used for CFRP-panels of the Airbus A350XWB.
These design concepts, four-panel concept and clip-frame-concept, consequently lead to the need for a first 
assembly system which joins the fuselage skin with the frames using clips (Clip-Setup station) and a second 
assembly system which mounts the four panels together (Major-Component-Assembly station), see Fig. 3.
Fig. 3. Clip-Setup station (left) and Major-Component-Assembly station (right) © Premium AEROTEC.
In comparison to these state-of-the-art systems, the main optimization opportunities for new generations of 
assembly systems, for future generations of aircrafts, can be listed as follow [8,9,10,11]:
x Clip-setup assembly system
ż Expensive fabrication mainly caused by the tight 3D positioning tolerances of the mechanical stops which 
define the part geometry at their contact points
ż Manual time-consuming measurement and adjustment processes of the mechanical stops
ż Specially designed for a specific part and so unable to react to design changes
ż Manual assembly procedures caused by unique geometry of parts
x Major-component-assembly system
ż Linear actuators with only three translational degrees of freedom and passive rotation point at the wrist of the 
actuator
ż Expensive, part specific and tight tolerated fixtures/grippers
ż Measurement adapters needed for part geometry measurement
ż Manual assembly procedures caused by unique geometry of parts
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3. Flexible Automated Assembly Systems
Flexible automated assembly systems (FAAS) are work-stations in an assembly line in which parts are 
automatically joined together. Its importance is growing in the aircraft manufacturing industry being a key 
technology to be introduced to the shop floor.
In the following, the FAAS will be divided into two main components, see Fig. 4. On one side, the Automated 
Joining Process (AJP) is in charge, for example, of treating the surfaces of the parts to be joined together, applying 
the necessary adhesive on those surfaces, and joining of small components such as clips, frames or brackets to the 
CFRP-structure. On the other side, the Flexible Automated Holding Fixture (FAHF) is in charge of the secure 6D-
positioning and shaping, support and handle of the CFRP-structure.
This work will focus on the flexible automated holding fixture and its automatic processes. The novelty of the 
FAHF approach resides, in comparison to state-of-the-art assembly systems and state-of-the-art research approaches 
[8,9,10], in the capacity not only to hold and manipulate the CFRP-structure in 6D-space, as needed for section 
assembly, but also to have an influence in its shape, as needed for panel assembly. These means, both panel and 
section assembly, are targeted within a single approach. This key characteristic is fundamental to achieve, besides
high-accurate and fast automated assembly, a best-fit assembly between the pose, shape and stresses of the CFRP-
structure to assemble. Furthermore, the FAHF approach allows to be combined with an AJP to form a complete 
FAAS, being this a research topic within current projects.
Fig. 4. Approach for Flexible Automated Assembly System (FAAS).
4. Flexible Automated Holding-Fixtures
In order to test the mentioned approach of FAAS, a concept for a FAHF was developed and implemented in a 
generic prototype for flexible holding fixtures for CFRP-structures as shown in Fig. 5.
Fig. 5. Generic prototype for flexible holding fixtures for CFRP-structures, front view (left) and rear view (right) © Fraunhofer IFAM.
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This concept divides the system into various components, from where only the main ones and their functionality 
will be briefly described here, e.g. support frame, actuators, grippers, measuring systems and control system [12].
Starting with an empty shop floor, a support frame is needed to be the connection between the shop floor and the 
actuators, and bringing them in their optimal pose in space. This maximize their working envelop and allows a high 
flexibility on the system to react to major design changes. The same equipment can be used in different 
configurations without the need of extra investment. The fabrications cost of such a steel construction can be 
reduced, by opening its fabrication tolerances, and using the actuators high-positioning accuracy to compensate for 
this and other physical influences, such as temperature expansion and deformation under load.
The actuators, as mentioned, need to have a high-positioning accuracy. This is the case for the employed Fanuc 
F-200ib hexapod robots, which have pose repeatability accuracies under ±0.1mm, see Fig. 5 (right). The actuator is 
then controlled by a unit from where is possible to get its current pose, set a new pose and move synchronized,
within a group of actuators, holding the relative pose to each other constant (cooperative movement).
The grippers are mounted to the actuators and have the task to securely hold the part. The preferred method to 
hold the part is using a combination of vacuum cups and mechanical stops, see Fig. 8 (right). The mechanical stops 
define the contact points between the gripper and the CFRP-structure. The vacuum cups have the task to fix the 
CFRP-structure to the grippers. Between the grippers and the actuators, 6D-force-torque sensors are placed to 
monitor the applied deformation load.
The intelligence of the system is brought through the measuring systems, the control system and its calibrated 
model of the FAHF. For machine measurement and referencing, the preferred system is the laser tracker with the 
help of mirror targets [3,5,13,14]. For 3D part surface measurements the preferred system is the laser radar, which is 
capable of direct surface point measurements without targets [4]. The control system interconnects measuring 
devices and actuators using interfaces or standard development kits (SDK). It is capable of complex mathematical
calculations, e.g. homogenous transformation, singular-value-decomposition pseudo-inverse matrix and fast numeric 
rank free minimization algorithms [15]. The Human Machine Interface (HMI) is a program running on the control 
system with a Graphical User Interface (GUI), where the machine operator can monitor and interact with the 
process, see Fig. 7.
5. Automatic Processes
The generic process for mounting a CFRP-structure on the FAHF, so that it can be later ready for an AJP, is
divided into five processes, as shown in Fig. 6.
Fig. 6. Generic process for mounting a CFRP-structure on the FAHF.
First, before the part is mounted on the FAHF, a machine measurement process needs to be performed at least
once, after each new configuration of the actuators in the support frame or in case a gripper is exchanged. The
automatic machine measurement process is in charge of measuring all coordinate systems of the machine with high-
accuracy, see Fig. 7. This enables the later prediction of the pose of these coordinate systems after a movement of
the actuators.
Once all coordinate systems are known, the actuators can be positioned according to the desired pose and shape 
of the CFRP-structure. For this, the Digital Mock-Up (DMU) of the CFRP-structure is imported in the control
system and positioned virtually to a work-station coordinate system.
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According to its virtual pose and shape, an adjustment of the pose of each actuator is calculated and performed 
iteratively, until the contact points of the mechanical stops are inside the production tolerances of the shape of the 
CFRP-structure [6,16].
Following this, the CFRP-structure is mounted to the FAHF with the help of a crane and a transport jig. The 
vacuum cups of the grippers are then activated to fix the CFRP-structure to the FAHF.
A 6D-position adjustment is done next, using the capabilities of cooperative movement of the actuators. The 
adjustment is calculated by measuring the pose references of the CFRP-structure, and comparing them to the pose
references of the DMU. A best-fit 6D-position of all actuators is then calculated and cooperative movements are 
performed iteratively, until the measured 6D-position of the CFRP-structure is inside tolerances.
When the CFRP-structure is in its best-fit 6D-position, its shape is measured at control points close to the contact
points of the mechanical stops. The shape is then measured by means of the laser radar, which measures the control
points directly on the inside surface of the CFRP-structure [4]. The measured control points are then projected to the 
DMU to calculate an adjustment of the pose of each actuator. In a similar way as by the 6D-position adjustment, the 
process is also performed iteratively, until the shape of the CFRP-structure is inside the production tolerances.
5.1. Machine Measurement
Positioning the actuators in 6-D space with high-accuracy requires a previous measurement of the coordinate 
systems of the machine and their homogeneous transformations between each other. This allows to have a virtual 
image of the machine, see Fig. 7, in the control system and to be able to compare the prediction of the positions of 
the contact points to the DMU, using the FAHF at its full potential. The coordinate systems and their homogeneous 
transformations are defined and calculated as follow [13]:
x S୛ୗ := Work-station (WS) coordinate system
x Sୈ୑୙ := CFRP-structure Digital Mock-Up (DMU) coordinate system
x S୐୘ := Measuring system/Laser tracker (LT) coordinate system
x Sୋୖ೔ := ith-Actuator-Gripper (GRi) coordinate system
x S୘େ୔೔ := ith-Actuator Tool-Center-Point (TCPi) coordinate system
x S୆೔ := ith-Actuator-Basis (Bi) coordinate system
x T୐୘୛ୗ := Homogeneous transformation from WS to LT
x T୐୘
ୋୖ೔ := Homogeneous transformation from GRi to LT
x T୘େ୔೔
ୋୖ೔ := Homogeneous transformation from GRi to TCPi
x T୆೔
୘େ୔೔ := Homogeneous transformation from TCPi to Bi
x Tௐௌ
୆೔ := Homogeneous transformation from Bi to WS














Fig. 7. Machine measurement of grippers and actuator-bases at the FAHF (left) and GUI of the control system (right) © Fraunhofer IFAM.
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All measured coordinate systems, including the measurement systems coordinate systems, are referenced to S୛ୗ.
This is to avoid re-measuring of all homogeneous transformations in case of a re-positioning or drift of the 
measurement systems. 
To solve Eq. 1, a precise measurement of T୘େ୔೔
ୋୖ೔ is necessary. This is done using fully automated analytical 
identification procedures involving predefined poses of the actuators and measurements with the laser tracker of 
targets placed in the gripper, as shown in [6,14]. These identification procedures enable time-consuming teaching 
procedures to be omitted and fast measurement of reconfigurations performed to the FAHF. After this, the 
positioning systematic error of the grippers, and thus of the contact points of its mechanical stops is drastically 
reduced [6]. Finally, the machine measurements, shown in Fig. 7 (left), are saved in the control system and are 
available for the next processes and to the user through the GUI as shown in Fig. 7 (right).
5.2. Contact-Points Adjustment
The contact points are defined as ideal points in the center of the surface of the mechanicals stops of the grippers,
see Fig. 8. They define the shape of the CFRP-structure when is fixed to the FAHF.
Fig. 8. Contact Points of the mechanical stops of the gripper marked as a red dot © Fraunhofer IFAM.
In order to avoid overstressing of the CFRP-structure at the time that is fixed to the FAHF, the contact points are
positioned in space to form the desired shape of the CFRP-structure, according to the virtual pose of the DMU. The 
laser radar measures the contact points directly on the surface of the mechanical stops and sends their position to the 
control system. The positions of the contact points are then compared to the outside surface of the DMU to obtain 
deviation vectors of each point. If the magnitude of the deviation vector is outside the shape tolerances, then 
adjustments of the pose of the actuators are calculated. This process is performed iteratively until the contact points
are inside the specified production tolerances of the shape of the CFRP-structure, typically less than ±0.2mm.
Fig. 9. Deviations of contact points to the DMU before (left) and after two iterations (right) of the adjustment process.
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Typically, after two or three iterations, the maximal deviation between the contact points and the DMU outside 
surface is reduced to less than ±60μm, which is close to the repeatability accuracy of the actuators and measurement 
systems. The results of the deviations of the contact points at the beginning (maximal deviation = ±1.2mm) and after 
two iterations (maximal deviation = ±60μm) of the contact-points adjustment process are shown in Fig. 9.
5.3. 6D-Position Adjustment
Under the assumption that the CFRP-structure is stiff close to the CFRP-stringers (no shape deformations),
reference holes are drilled close to them, to enable the finding of a coordinate system independently of deformations 
on the remaining of the CFRP-structure. Measuring adapters are then placed in the references holes to measure their 
position as “hidden points”, as shown in [5].
Fig.10. Dual Vector Target Holders at the reference holes of the CFRP-structure (left) and reference points of the DMU (right).
The geometry of the measuring adapters, in this case the dual vector target holders shown in Fig. 10 (left), is 
known and allows the indirect measurement of the center of the reference holes by measuring their two targets. With 
these measured points, the pose of the CFRP-structure is calculated and compared to the virtual positions of the
reference holes of the DMU, see Fig. 10 (right). A best-fit 6D-position adjustment is then calculated and performed 
cooperatively by all the actuators. The cooperative movement allows to avoid overstressing of the CFRP-structure 
by maintain constant the relative poses between all grippers coordinate systems. In order to do this, the relative 
poses are predicted by the control system and sent to the control units of the master actuator, using the homogeneous 
transformations measured at the previous process. This process is as well iterative and finishes until the best-fit 6D-
position of the CFRP-structure is inside the position production tolerances.
Typically, after two or three iterations, the maximal translation deviation between the measured pose and virtual 
pose is reduced to less than ±60μm.
5.4. Shape Adjustment
The shape adjustment process is very similar to the contact-points adjustment process. The main difference is that 
in this process, the CFRP-structure is mounted on top of the contact points of the mechanical stops. This replaces the 
measurements with the laser radar of the contact points by the measurements of the control points which are on top 
of them. This is done using the measurement method of the laser radar called Surface-Vector-Intersection (SVI) as 
shown in [4]. The adjustment of the poses of the actuators is now calculated by projecting the control points to the 
inside surface of the DMU and obtaining relative movements for each of the actuators. As mentioned before, the 
process is performed iteratively, until the deviations of the shape of the CFRP-structure are inside the production 
tolerances.
Typically, after two or three iterations, the maximal deviation between the control points and the DMU inside 
surface is reduced to less than <±60μm, as it is for the contact-points adjustment too.
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6. Conclusions
In this work an approach for flexible automated assembly system was presented and divided into an automatic 
join process and a flexible automated holding fixture. Furthermore, the development of a generic prototype for 
flexible holding fixtures and its automatic processes open new possibilities of automated adaptive processes, such as 
tolerance management concepts, in which geometry deviations that result in gaps, between the CFRP-structure and 
the components to be mounted, can be actively changed to achieve an optimal assembly and reduction of shim 
material.
The implementation of the presented methods on an industrial level offers a high potential for reducing the 
manufacturing costs and cycle times for the aircraft industry in the future generation of assembly systems for future 
aircraft generations.
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